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Abstract
Macroscopic Quantum eﬀects such as the Meissner eﬀect and magnetic ﬂux trapping in massive, pure poly-crystalline
lead samples and in a low purity crystalline sample having non-superconducting parts could be visualized and quantiﬁed
by radiography with polarized neutrons. A uniform poly-crystalline Pb sample with a high purity of 1−1×10−4 weight%
and one with a low purity of approx. 85 weight% Pb having non-superconducting parts showed a partial Meissner eﬀect
and for Bext = 0 and T < Tc a non-uniform magnetic ﬂux trapping. Based on radiographies with polarized neutrons the
trapped and expelled magnetic ﬁelds could be calculated for the uniform lead sample, in the case of the sample which
contains non-superconducting parts an asymmetric (also squeezed) ﬁeld distribution yielded the best ﬁt .
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1. Introduction
The investigations of the Meissner eﬀect (complete expulsion of an external magnetic ﬁeld in the su-
perconducting state) and ﬂux pinning in superconductors type I and type II are one of the most exciting
macroscopic quantum eﬀects that were investigated since the discovery of superconductivity by Kammer-
ling Onnes in 1911. A weak external magnetic ﬁeld applied on a sample is expelled if the sample is cooled
down below a critical temperature Tc. The sample behaves like a perfect diamagnetic material. What is less
known is the eﬀect of ﬂux trapping or ﬂux pinning in type I superconductors. This eﬀect occurs if in the
Meissner state the external magnetic ﬁeld is switched oﬀ and a part of it remains ”trapped” or ”pinned” in the
sample. This is observed usually in type-II superconductors and attributed to grain boundaries and cracks
in a crystalline sample. However, already in the late 1930ties Landau pointed out that ﬂux pinning also
happens in type-I superconductors and he published a model to explain the surface structures which were
observed at several samples [1]. A large number of publications dealing with the Meissner eﬀect and ﬂux
pinning tried to explain the diﬀerent (surface) observations, but no generally accepted theory could describe
all the experimental results suﬃciently well. [2] - [13]. The main cause may be found in that all experiments
were surface observations and the samples usually had rather two-dimensional than three-dimensional shape
i.e. they were discs. Despite high resolution magneto-optical imaging all conclusions concerning ﬁelds in
the bulk of samples remain ”surface-deduced-phenomena” [15] - [17].
Recent experiments with type-I superconductors and polarized neutrons allowed for the ﬁrst time a de-
tailed look inside samples when they are in the Meissner and in the intermediate state (intermediate state:
T < Tc, external magnetic ﬁeld is oﬀ) [18], [19]. In highly pure and homogeneous lead the commonly
expected Meissner eﬀect and an homogeneously distributed ﬂux pinning in samples could not be observed
but partially and total suppressed Meissner eﬀect as well as squeezed ﬂux trapping as was also observed in
type-II superconducting Nb [20]. Here we present new results of these phenomena.
2. Theory
In order to observe the Meissner eﬀect and ﬂux pinning in the bulk of samples by imaging methods
one has to use a radiation which once weakly interact with materials, i.e. exhibit low attenuation when
it traverses the sample and which is ”sensitive” to magnetic ﬁelds. Both criteria are fulﬁlled by polarized
neutrons. In order to probe a magnetic ﬁeld inside or outside of a sample the interaction of the spin with the
ﬁeld must be considered in detail. The neutron spin in a magnetic ﬁeld behaves like a small magnet which
motion is described by
dS (t)
dt j
=
μN
h
g
[
S (t) × −→B(t)
]
j
j = x, y, z (1)
with the nuclear magneton μN = 5.05078343 · 10−27 [J/T ] and the Land-factor for neutrons g = −3.826085,
h = 6.6260755 · 10−34 [J.s],  = h/2π . For thermal and cold neutrons the spin can be described like a
classical magnetic moment having the Larmor frequency ωL = γL · B with γL = gyromagnetic ratio of the
neutron, γL = g · μN / = -1.83247x108 [rad·s−1 · T−1]. With the Larmor frequency ωL the total angle of
rotation φ becomes after the passage through a magnetic ﬁeld B after a time t as
φ = ωL · t = γL · B · t = γLv
∫
B · ds = γL · m
h
B · s · λ (2)
v = velocity of the neutron, B =magnetic ﬁeld, m = neutron mass, s path length in the ﬁeld, λ = wavelength.
The path integral
∫
B · ds and the wavelength λ determine φ and thus the ﬁnal depolarization of the initially
fully polarized neutron beam. A neutron beam that traverses a sample will experience a two-dimensional
path-dependent depolarization which must be two-dimensionally analyzed and registered. For this purpose
one has to know (calculate) the path integrals and with them the spin rotation angles φ. A very elegant way
to calculate the path integrals is to use a projection of the Radon Transform R{ f } [21] that can be applied to
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magnetic ﬁelds as well:
R0,α=const { f } = fˆ0(p, α) =
∞∫
−∞
∞∫
−∞
B(x, z) · δ(p − x · cos(α) − z · sin(α)) · dx · dz
R90,α=const { f } = fˆ90(p, α) =
∞∫
−∞
∞∫
−∞
B(y, z) · δ(p − y · cos(α) − z · sin(α)) · dy · dz
(3)
Both Radon transforms R (equations (3)) yield the path integrals for the particular orientation of the sample
Fig. 1. Two projections of a cylindrical sample, orientation parallel (0◦) and perpendicular (90◦) to the neutron beam
with respect to the neutron beam. Thus with equ.3 and path length s = R{ f } one can calculate φ. The result
of such a 2D radiography (with or without an external magnetic ﬁeld) is a two-dimensional depolarization
matrix which is used to determine the amount and the shape of the expelled and trapped/pinned magnetic
ﬁeld. For both sample orientations the measured intensities become
I(x, z) = I0 · T · exp(−
∫
path
Σ(s)ds)
︸︷︷︸
Iatt(x,z)
· 1
2
(1 + cos φ(x, z))︸︷︷︸
Ispin(x,z)
I(y, z) = I0 · T · exp(−
∫
path
Σ(s)ds)
︸︷︷︸
Iatt(y,z)
· 1
2
(1 + cos φ(y, z))︸︷︷︸
Ispin(y,z)
(4)
In order to get a good approximation of the expelled and trapped ﬁelds, several 3D models of magnetic
ﬁelds were assumed, adapted to the sample and the particular Radon transform calculated. Using equations
(2) - (4) for both sample orientations parallel and perpendicular to neutron ﬂight direction one could calculate
the two-dimensional image due to the spin-depolarization if the neutron passes through a magnetic ﬁeld. The
sensitivity of this method is good, keeping in mind that for B = 10mT and a neutron wavelength λ=0.4nm a
path length s = 1.7mm ﬂips the spin from up to down.
The boundary condition for these calculations was that B must become small at the edges of the sample,
because no depolarization was observed there. The next assumption was, that Btrapp (trapped ﬁeld) must be
smaller than Bext (external applied ﬁeld) and the sum of Bexpel (expelled ﬁeld) and Btrapp must not exceed
Bext. In all cases the sample under investigation was 3D-modelled and diﬀerent magnetic ﬁelds ”added”
to the sample (cp. Fig.1 and Fig.5). Several previously performed experiments with other lead samples
suggested a non-uniform distribution of the trapped ﬁeld, which was veriﬁed before. Thus the resulting
two-dimensional depolarization patterns had to be modelled in such a way that the calculated images come
close to the experimental results. Assuming a trapped ﬁeld as shown in Fig.2 one could ﬁt very well the
calculated data to the experimental ones (see below).
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Fig. 2. Left part: Shape of the trapped magnetic ﬁeld using the Radon transform of diﬀerent B-ﬁelds. Right part: Calculated image
using polarized neutrons. Note the sensitivity of the FWHM of the Gaussian shaped ﬁeld on the fringe pattern and its extent. The
sample was a lead cylinder, 12mm diameter and 30mm length
3. Experimental results
All experiments were performed with the new instrument for polarized neutron tomography ”PONTO”
(Polarized Neutron Tomography, see Fig.3) at the BER II reactor (Berlin) [18]. A graphite monochromator
(C [002] - reﬂection) reﬂected a mean wave length of 0.39 (1)nm to the optical bench which was equipped
with an horizontal (0.2◦) and a vertical (0.1◦) collimator, a solid state polarizer, sample goniometer, (and
translation slides), a spin-analyzer and a 2D - detector. The overall polarization was measured as 85(5)%.
The samples under investigations were kept in special sample holders in the cryostat and cooled down from
room temperature ﬁrst to 8K > Tc(Pb) = 7.19K and then in several steps down to 5.5K. We investigated the
Fig. 3. Instrument ”PONTO” for imaging with polarized neutrons
Meissner state and ﬂux pinning in several samples of lead (type-I superconductor) testing the capabilities
of PONTO. The cylindrical lead samples had all a diameter of 12mm and a length of 30mm. The purity
of these samples were given as 1 − 10−4weight-%. In a previously performed series with a lead single
crystal the complete expulsion of the external magnetic ﬁeld could be measured if the sample was kept at
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Fig. 4. Trapped magnetic ﬁelds at T = 5.5K and T = 6.K, fringes disappear for T > Tc = 7.19: no pattern for T = 7.2K and T = 8.0K,
Bext = oﬀ, bottom : calculation of the B - ﬁeld and its image. Best ﬁt for Btrapp = Bint = 4.6mT
T < Tc = 7.19K, consequently no ﬂux trapping could be observed [19]. Investigating the poly-crystalline
sample which had a measured purity of 1 − 10−4 weight-% the Meissner eﬀect occurred only partially,
i.e. a part of the magnetic ﬁeld was expelled out of and the remaining ﬁeld was trapped in the sample.
Fig.4 shows the results. As can be seen, the fringe pattern disappears if the sample temperature is raised
above Tc = 7.19K. Remarkable is the kind of ﬂux trapping. Despite the fact that in the Meissner phase
a homogeneous magnetic ﬁeld was applied to the sample, the ﬁeld trapping in the intermediate state (Bext
is oﬀ) was inhomogeneously distributed: Calculations show that in this phase the ﬁeld is squeezed around
the rod axis, parallel to the axis, but perpendicular to the rod axis Gaussian shaped. A comparison with
diﬀerent samples conﬁrmed this behavior. Therefore the calculation of the expelled magnetic ﬁeld (in the
Meissner phase) as well as the trapped ﬁeld in the case of the intermediate state could be realized for the
pure poly-crystalline lead samples [19]. The best ﬁt for the expelled ﬁeld Bexpel was 1.6mT, the one for the
trapped ﬁeld Btrapp was 4.6mT, the sum below Bext = 6.4mT.
Fig. 5. Poly-crystalline lead sample (cylinder, diameter = 12mm, length = 20mm with inserts: iron diameter = 5mm, aluminum
diameter = 3.3mm, hole diameter = 2mm
We also tested ordinary radiation shielding lead concerning the Meissner eﬀect and ﬂux pinning. With
this sample the inﬂuence of non-superconducting parts on the Meissner phase and on the intermediate phase
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of lead was studied (see also [22]). The ordinary lead sample (the components of the shielding lead are
given in Table 1) got two diﬀerent screws and a hole drilled, iron (V2A steel) with a diameter 5mm and
aluminum with a diameter 3.3mm and an hole with diameter 2mm. Two Helmholtz coils (diameter 200mm)
produced an homogeneous ﬁeld of 6.4mT on the position of the sample. For each image when the sample
was cooled down one had to wait for approx. three hours to guarantee the overall same sample temperature.
The exposure time was as well three hours.
Table 1. Elements in Pb shielding sample
Element weigth - %
C 4.51 - 9.63
O 7.42 - 7.89
Sb 2.18 - 3.32
Al 0.03
Cl 0.03
Sr 0.24
Pb 85.9 - 78.95
For the investigations of the Meissner state the external magnetic ﬁeld Bext = 6.4mT was applied to the
sample during the total cooling process, i.e. from room temperature to 8K and then step-wise down to 5.5K.
Images were recorded at T = 8K and 5.5K, at T = 5.5K images once with spin up and then spin down were
recorded to identify uniquely the magnetic ﬁeld expulsion, Fig.6 shows the results.
Fig. 6. Meissner eﬀect for spin up and spin down, (x,y) - plane shows the projection, z - axis shows the expelled magnetic ﬁeld, once
measured with neutron spin up and then for neutron spin down
The series was repeated to observe possible ﬂux trapping/pinning in the sample. Again images at T
= 8K and T = 5.5K for the sample orientation parallel and perpendicular to the neutron ﬂight direction
were measured. For the observations of magnetic ﬂux trapping Bext was switched oﬀ, keeping the sample
temperature below Tc. As can be seen from Fig.7 at T = 5.5K the iron screw is visible (due to absorption,
as well as for T = 8K), the aluminum screw and the hole remain invisible but a fringe pattern arise as
was observed for the pure poly-crystalline sample. This fringe pattern in the upper half of the sample
appears quite parallel, whereas in the lower half a coarser fringe patterns also outside the sample could
be observed. Increasing the sample temperature above Tc(Pb), all patterns disappear, a unique feature of
superconductivity.
Fig.8 shows the calculated trapped ﬁeld of this lead sample in the intermediate state and the correspond-
ing image as it was measured with PONTO. The calculation of the trapped ﬁeld were performed with the
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Fig. 7. Lead sample with iron screw; dark area in the upper half, aluminum screw and the hole are invisible. The presence of non-
superconducting parts disturb the trapped ﬂux, seen as either non-symmetric parallel fringe pattern or as streaks inside and outside of
the sample that vanish completely for T = 8K > Tc.
equations (2) - (4) assuming a similar trapped ﬁeld as it was used for the poly-crystalline sample. The upper
half of the sample could be ﬁtted with Btrapp = 1.45mT quite well to the experimental image as can be seen
from Fig.8, the lower part, however, could be simulated only qualitatively. The ﬁtting parameter were only
the amount of the trapped ﬁeld and the FWHM of the 3D-Gaussian function (2D-Gaussian in the plane
perpendicular to the rod axis, constant parallel to the rod axis).
Fig. 8. Measurement and simulation of the trapped ﬁeld in the composed lead sample in the intermediate state; best ﬁt for the trapped
ﬁeld Btrapp = 1.45mT
4. Summary
Polarized neutrons were used to visualize magnetic ﬁeld expulsion in the Meissner phase and magnetic
ﬂux trapping in the intermediate phase of pure poly-crystalline and ordinary superconducting lead samples.
In the case of the pure poly-crystalline sample the expelled and trapped magnetic ﬂux could be determined
from the neutron images. The sample consisting of ordinary lead got two components, an Fe and an Al screw
and a hole, all normal conducting for 5.5K ≤ T ≤ Tc = 7.2K, showed a similar behavior in the intermediate
state as it was observed in uniform samples, i.e. squeezing the trapped ﬂux, but occurring more complicated
and not uniform. The non-superconducting parts apparently inﬂuenced both the Meissner eﬀect and ﬂux
trapping/pinning, i.e. both eﬀects cannot be considered as isolated eﬀects in the superconducting lead body
containing non-superconducting parts.
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